Abstract Purpose: A single-nucleotide polymorphism (SNP) in codon 655 of HER-2 has been extensively studied with inconclusive results. The purpose of this study was to investigate the association between common variants of HER-2 and breast cancer risk, HER-2 expression, and survival using a haplotype-based stepwise approach. Experimental Design: Twenty-nine SNPs listed in the National Center for Biotechnology Information database were screened to identify novel polymorphisms of HER-2 gene in 90 healthy Korean women. Six of 29 SNPs were polymorphic and had greater than 10% of minor allele frequencies. Using these six SNPs, linkage disequilibrium and haplotype patterns were characterized. We tested association between the haplotypes and breast cancer in a large case^control study (n = 1,039 cases and 995 controls). Six-hundred two breast cancer patients with follow-up at least 24 months were analyzed for outcome in relation to haplotype. Expression of HER-2 protein was determined by immunohistochemistry in 1,094 cases of invasive breast cancer. Results: All six SNPs showed a strong linkage disequilibrium pattern and were considered to belong to one haplotype block. Two haplotype-tagging SNPs (I655V and P1170A) for three common haplotypes (>5%) were genotyped in cases and controls.The haplotypes and individual SNPs were not associated with breast cancer risk. In patients with at least one copy of haplotype I (the most common haplotype), HER-2 expression was1.5 times higher (P = 0.009) and the prognosis was worse (P = 0.032) compared with patients without having that haplotype. Conclusions: Our results suggest that the currently identified genetic polymorphisms of HER-2 are not associated with an increased risk of breast cancer in Korean women, whereas one haplotype does affect protein expression of the tumor and disease outcome.
The HER-2 (also known as erbB-2 or neu) proto-oncogene, a member of the epidermal growth factor receptor family, is located at chromosome 17q21 and encodes a transmembrane glycoprotein (p185) with tyrosine kinase activity (1, 2) . Amplification and/or overexpression is the main mechanism of HER-2 gene activation in human cancers (3 -5) . Alterations of this gene are found in more than 20% of breast tumors and have been shown to be associated with steroid hormone receptor -negative tumors, higher nuclear and histologic grades, tumor aneuploidy, higher rates of proliferation, a reduced response to chemotherapy and hormonal therapy, and poorer prognoses (5) . More attention is being paid to HER-2 and its role in breast cancer because of the recent introduction of trastuzumab, a humanized murine monoclonal antibody directed against the extracellular domain of HER-2, for the treatment of patients with HER-2 -overexpressing advanced breast cancer (6, 7) . HER-2 is particularly significant in Korea as it is amplified/overexpressed more frequently in Korean breast tumors than in those of Caucasian women (8) .
No point mutations in the HER-2 gene have been identified to date (9) . One common variant, a single-nucleotide polymorphism (SNP) encoding either isoleucine (I) or valine (V) at codon 655 in the transmembrane region of HER-2, has been extensively studied (10) . Xie et al. (11) first reported that the I655V SNP is associated with a significantly increased risk of breast cancer development [odds ratio (OR), 1.4] . However, several following studies have cast doubt on this association, which remains controversial (12 -16) . Fleishmann et al. (17) first suggested a functional implication for this SNP by showing that the I655V polymorphism might enhance active dimeric conformations of HER-2 protein that result in increased autophosphorylation and tyrosine kinase activation.
In the present study, we employed a genetic haplotype approach to examine the contribution of common variations at the HER-2 locus to breast cancer risk among Korean women. Haplotype-based association studies have been proposed to be powerful comprehensive approaches for the identification of causal genetic variations that underlie complex diseases (18, 19) . Recent studies have shown that the human genome is comprised of genomic segments (blocks) that display little evidence of historical recombination and low haplotype diversity (18 -20) . Due to the high degree of linkage disequilibrium observed between SNPs within these blocks, ancestral disease variants may be uncovered through evaluation of the underlying haplotypes. This methodology does not require the causal variant to be identified or directly tested, but rather has the potential to highlight physical regions that harbor putative disease-associated variants (21) .
The effect of different haplotypes on HER-2 protein expression in the tumors of breast cancer patients as well as on their prognosis was also evaluated in this study because HER-2 has been thought to play a critical role in both breast cancer development and progression (22, 23) . Any functional polymorphism can potentially affect breast cancer risk as well as cancer phenotype and outcome. In a previous study, we showed that polymorphisms of certain breast cancer susceptibility genes may affect various clinicopathologic phenotypes of breast cancer (24) .
Materials and Methods
Study subjects. To determine the novelty and frequency of SNPs of HER-2 gene in Korean populations, 90 Korean women were randomly accrued from the women who visited Health Promotion Center in Seoul National University Hospital between 2002 and 2003 and who had no previous history of malignant disease and no family history of breast cancer in their first degree relatives. Their age distribution was between 35 and 65. These 90 women were not enrolled in the casecontrol study described below. The case-control study subjects were selected from three teaching hospitals located in Seoul, Korea (Seoul National University Hospital, Borame Hospital, and Asian Medical Center) between January 1995 and March 2004. Women with histopathologically confirmed breast cancer were selected as cases, and controls with no present or previous history of cancer were recruited from the same hospitals. The majority of eligible controls were being treated for gastrointestinal problems such as acute appendicitis, cholecystitis, gall bladder or bile duct stones, hemorrhoids, and inguinal hernia. Women with amenorrhea, a previous history of hysterectomy, oophorectomy, hormone replacement therapy, hormonerelated diseases such as thyroid disease, or systemic diseases such as diabetes mellitus or chronic liver disease were excluded from both groups. Approximately 21% of otherwise eligible breast cancer cases and 6% of otherwise eligible controls were excluded from the study because they refused to participate or failed to be interviewed or have blood drawn. In total, 1,039 cases and 995 controls were eligible for the case-control study that evaluated the association between common genetic variations and breast cancer risk. Evaluation of the influence of haplotype on HER-2 expression and prognosis was supplemented with 635 additional breast cancer patients diagnosed between August 1992 and March 2002. Of 1,674 total patients, those who had distant metastasis at the time of surgery (n = 37) and whose follow-up time was shorter than 24 months (n = 1,035) were excluded from survival analysis. Because more than 50% of the patients underwent operation after Jan. 2001 and the study for recurrence and survival status was done between 2002 and 2003, only 602 patients (37%) met the criteria and entered into the analysis.
Immunohistochemical assays for HER-2 protein expression were done for 1,094 invasive breast cancer cases from Seoul National University Hospital. Noninvasive cancers, such as ductal carcinoma in situ and lobular carcinoma in situ, were excluded from immunohistochemical study.
This study was conducted under the approval of the Institutional Review Board of Seoul National University Hospital. Informed consent was obtained at the time of blood sampling. Information on demographic characteristics, education, marital status, family history of breast cancer in first-and second-degree relatives, reproduction and menstruation history, lifestyle habits, and diet were collected by a trained interviewer using a questionnaire.
Single-nucleotide polymorphism selection and genotyping in the 90 single-nucleotide polymorphism screening set. Twenty-nine SNPs from the National Center for Biotechnology Information database (www.ncbi.nlm.nih.gov/dbSNP) were genotyped across 36.3 kb of the ERBB2 locus, from 5.1 kb upstream of exon 1 to 2.8 kb downstream of the transcribed region (exon 27), in 90 women with no previous history of any type of cancer. All known SNPs in the ERBB2 coding region were included, and we attempted to select additional SNPs that were as evenly spaced throughout the region as possible ( Table 1) . Of 29 SNPs, 14 that were either monomorphic or had a low allele frequency (<10%) in this population were removed from the haplotype analysis. Nine of the assays on the remaining SNPs yielded poor genotyping results, leaving six SNPs with allele frequencies z10% that were included in the haplotype analysis. The average spacing between these six SNPs was 6.8 kb, and their allele frequencies did not deviate from HardyWeinberg equilibrium.
Blood samples were collected in 10-mL heparinized tubes and DNA was isolated from WBC fractions using the Qiagen Blood Kit (Qiagen, Chatsworth, CA). Genotyping was done by the SNP-IT assay using the SNPstream 25K System (Orchid Biosciences, Princeton, NJ). Briefly, the genomic DNA region spanning the polymorphic site was PCR amplified using one phosphothiolated primer and one regular PCR primer. The amplified PCR products were then digested with T7 exonuclease. The 5V phosphothiolates protected one strand of the PCR product from T7 exonuclease digestion, resulting in the generation of a single-stranded PCR template. The single-stranded PCR template was overlaid on a 384-well plate that contained a covalently attached SNP-IT primer extension primer designed to hybridize immediately adjacent to the polymorphic site. The SNP-IT primer was extended for a single base with DNA polymerase and a mixture of appropriate acycloterminators complementary to the polymorphic nucleotide that were labeled with either FITC or biotin. The identity of the incorporated nucleotide was determined by serial colorimetric reactions with anti-FITC-AP and streptavidin-horseradish peroxidase, respectively. Resultant yellow and/ or blue color development was analyzed using an ELISA reader and the final genotype calls were made using a QCReview program (Orchid Biosciences).
Haplotype reconstruction, block determination, and haplotype-tagging single-nucleotide polymorphism selection. The D' statistic was used as a pairwise measure of linkage disequilibrium between the six SNPs used in the haplotype analysis. The linkage disequilibrium block structure was examined using the criteria of Gabriel et al. (19) . A pair of SNPs is defined to have ''strong linkage disequilibrium'' if the one-sided upper 95% confidence interval (95% CI) boundary on D' is >0.98 and the lower boundary is >0.7. Conversely, SNP pairs are said to have ''strong evidence of historical recombination'' if the upper CI boundary on D' is <0.9. A haplotype block is defined as a region over which a very small proportion (<5%) of comparisons among informative SNP pairs shows strong evidence of historical recombination.
Haplotype structures and their frequencies were estimated from genotype data for the common six SNPs within the linkage disequilibrium block using the Haploview version 2.05 (http:// www.broad.mit.edu/personal/jcbarret/haploview), which estimates haplotype by an accelerated EM algorithm similar to the partition/ ligation method described by Qin et al. (25) for each marker pair. Haplotype-tagging SNPs were easily identifiable without using a computer program. We included two coding SNPs as haplotype-tagging SNPs to predict the common haplotypes.
Genotyping in the case-control study and quality control. Haplotypetagging SNPs for common haplotypes (>5%) were genotyped in cases and controls. The genotyping method used for case-control set was same as that used for screening set. Genotyping was done by the SNP-IT assay using the SNPstream 25 K System (Orchid Biosciences). Laboratory personnel were blinded to case-control status and the clinical/pathologic information of the patients. Replicate blinded quality control samples [368 of 2,034 (18%)] were included to assess reproducibility of the genotyping procedure; less than 0.3% (1 of 368) of the matched quality control pairs were discordant.
Statistical analysis. Differences in variation of known risk factors between groups were evaluated by Student's t test or the m 2 test. The m 2 test was also used to determine associations between the frequencies of the haplotypes and the HER-2 protein expression in tumors, and to ensure the independence of alleles (Hardy-Weinberg equilibrium). The ORs and 95% CIs were calculated using an unconditional logistic regression model after adjustment for age, education level (at least a high school education versus less than a high school education), family history of breast cancer in first-and second-degree relatives, and alcohol usage (<1 versus z1 drink/mo). Follow-up duration was calculated from the date of diagnosis to the date of death or last contact. Diseasefree survival was defined as the time between diagnosis and the first clinically recognized evidence of local or distance recurrence, death, or loss to follow up. Survival estimates were computed using the KaplanMeier method and differences between survival times were assessed using the log-rank test. Hazard ratios were calculated with Cox proportional hazard model adjusted for age (years), tumor size (V2 versus >2 cm), and lymph node metastasis status (negative versus positive). Disease staging was done using the American Joint Committee of Cancer system, 6th edition (26) . SPSS version 10.0 (Chicago, IL) was used for all statistical analyses.
Immunohistochemistry. Immunohistochemical analysis was done to determine the expression of HER-2 protein in paraffin-embedded tissues from 1,094 breast cancer patients. Sections were first deparaffinized in xylene. After hydration, sections were microwaved twice in 10 mmol/L citrate (pH 6.0) for 5 minutes and washed thrice in distilled water for 5 minutes. Sections were then placed in 3% H 2 O 2 for 10 minutes to inhibit endogenous peroxide activity, washed thrice with PBS for 5 minutes, and placed in normal horse serum for blocking at room temperature for 30 minutes. Samples were incubated in primary antibody directed against the HER-2 protein, NCL-CB11 (Novo Castra, New Castle, United Kingdom), at a dilution of 1:40 at 4jC for 24 hours, and sections were then washed thrice with PBS for 5 minutes. Biotinylated anti-mouse immunoglobulin was used as the second antibody and 3,3-diaminobenzidine tetrahydrochloride was used as a chromogen. Sections were counterstained with hematoxylin. A single pathologist who had no information regarding genetic and clinical variables scored and interpreted all immunohistochemical staining results. The following scoring system was used to characterize HER-2 membrane staining intensity and pattern: 0, no staining; 1+, z10% cells showing weakly positive staining; 2+, moderate homogeneous staining; 3+, strong homogeneous staining.
Results
Linkage disequilibrium and haplotype structure of the HER-2 locus. We assembled an SNP map across the HER-2 locus to determine linkage disequilibrium blocks and haplotype structure in 90 Korean women with no history of cancer (Fig. 1A) . Six SNPs with allele frequencies of >10% were selected to make a haplotype structure. Nine of the fifteen SNP pairs showed a strong linkage disequilibrium pattern as defined by Gabriel et al. (19) . None of the pairs had strong evidence of historical recombination, so we were able to conclude that these six SNPs are in the same haplotype block (Fig. 1B) . This block covers 33 .9 kb and spans the entire coding region of HER-2, including a 4.1 kb 5V -untranslated region and a 2.8-kb 3V -untranslated region. Within this block, we identified seven haplotypes, which we designated I to VII in order of increasing frequency (Fig. 1C) . The most common three haplotypes (i.e., those with a z5% frequency) comprise 93.8% of the total predicted haplotype variation. We were able to distinguish these three common haplotypes with only two haplotype-tagging SNPs, I655V in exon 17 and P1170A in exon 27, which were both genotyped in the case-control study described below.
Case-control analysis. The mean age of the cases and controls was 48.4 and 49.3 years, respectively, which did not Table 2 ). The distribution of established breast cancer risk factors was generally consistent with our expectations and was similar to what we have observed in previous studies (27, 28) . Compared with controls, cases were more likely to be more educated, be older at menopause, be older at first full-term pregnancy, have breast-fed for a shorter duration, and have a greater family history (first-and second-degree relatives) of breast cancer. In addition, more cancer patients used alcohol (z1 drink/mo) compared with controls.
Two haplotype-tagging SNPs (I655V and P1170A) for three common haplotypes (>5%) were genotyped in cases and controls. To evaluate the effect of haplotype on breast cancer risk, we regarded each haplotype as an allele and analyzed them separately (Table 3) . No significant association was observed between each haplotype and breast cancer risk. Haplotype III showed a nonsignificant protective effect when it is homozygous compared with when it is absent [i.e., homozygous null (OR, 0.5; 95% CI, 0.29-1.05)].
Next, the two coding SNPs, I655V and P1170A, were analyzed separately for any possible association with breast cancer risk (table not shown). No significant correlations were found, although rare I655V homozygotes showed a nonsignificant protective effect on breast cancer (OR, 0.5; 95% CI, 0.28-1.01). In addition, no significant associations were found in subgroup analysis [e.g., within younger subjects (<45 years old), those who have a family history, or those with localized or in situ cancer; data not shown]. Previous studies (11, 14, 15, 29) have shown that the association between I655V status and breast cancer risk became more significant in these subgroups.
Effect of haplotypes on HER-2 protein expression and breast cancer patient survival. HER-2 protein expression as evaluated by immunohistochemical assay differed significantly according to the patients' HER-2 haplotypes (Table 4) . In breast cancer patients with haplotype I (both homozygotes and heterozygotes), HER-2 protein overexpression in tumors was 1.5 times higher than in tumors from patients without haplotype I (OR, 1.5; 95% CI, 1.11-2.16; P = 0.009). Haplotype I also showed gene-dosage relationship with HER-2 expression (OR, 1.4 for heterozygote and 1.6 for homozygote; P for trend = 0.007). When we excluded HER-2 2+ cases by immunohistochemistry, the OR increased to 1.8 and the P value became more significant (0.004; data not shown). It has been reported that the 2+ scoring by immunohistochemistry is not definitive because it does not coincide with fluorescent in situ hybridization results as a test for HER-2 amplification (30). In patients homozygous for haplotype II and heterozygous for haplotype III, the HER-2 expressions in the tumor were significantly lower than those of patients without each haplotype (P = 0.014 and 0.038, respectively).
The association of each haplotype and postoperative diseasefree survival was evaluated in 602 patients with a median follow-up of 41 months among 1,637 breast cancer patients without distant metastasis. The 602 patients were not different from the other 1,035 patients excluded from the survival analysis in terms of the prognostic factors, such as percentage of large (>2 cm) tumor size (47.0% versus 49.1%; P = 0.40) and lymph node positivity (34.5% versus 36.9%; P = 0.32). In a univariate Kaplan-Meier analysis (Fig. 2) , patients with haplotype I had significantly shorter disease-free survival compared with patients who lacked that haplotype (P = 0.032). Lymph node status as well as the distribution of disease stage, classified as noninvasive, early stage (stage I or II), or advanced stage (stage III), was equivalent between the two groups ( Table 5 ). The hazard ratio for disease-free survival associated with haplotype I was 4.1 (95% CI, 1.00-17.34) when adjusted for age, tumor size, and lymph node status. On the other hand, the homozygote for haplotype II and heterozygote for haplotype III, which showed association with HER-2 expression, did not have a significant effect on patients' postoperative disease-free survival (P = 0.352 and 0.328, respectively).
Discussion
To our knowledge, all previous studies of HER-2 polymorphisms with respect to breast cancer have focused on I655V, although the functional relevance of this variation has not yet been established, and the results of these SNP association studies have been inconclusive. In this study, we applied a stepwise haplotype-based association approach similar to the method of Haiman et al. (21) . Rebbeck et al. (31) noted that causal variants need not be studied directly but that gene discovery studies can be accomplished using a strategy that relies on linkage disequilibrium between genetic variants. In the SNP screening step, we first selected SNPs from public databases and genotyped them to look for polymorphic loci in healthy Korean women. We then defined linkage disequilibrium blocks and constructed genetic haplotypes across the HER-2 locus. A reduced set of haplotypetagging SNPs was selected and genotyped in a large case-control analysis to evaluate the relationship between these haplotypes and breast cancer risk. This approach was very efficient even when considering the possibility that some errors may have occurred in haplotype estimation and the fact that rare haplotypes (i.e., those with a frequency <5%) were ignored. We were able to evaluate virtually the entire HER-2 gene, including the promoter region, by genotyping only two SNPs. This is the first study that describes the linkage disequilibrium and haplotype structure of the HER-2 gene. We identified only one linkage disequilibrium block in Korean women. The size of linkage disequilibrium blocks is known to depend on ethnicity (19, 32) and to vary widely between genes (33). Because the linkage disequilibrium structure of this gene is relatively simple and the number of common haplotypes in this ethnically homogeneous population was small, we were able to considerably reduce the number of haplotype-tagging SNPs needed for genotyping and, as a result, reduce the costs associated with this process.
One weakness of using a haplotype-based approach in this study is that the average spacing between the five SNPs used to construct the haplotype blocks was relatively wide (6.8 kb) and uneven because we were not able to find additional polymorphic loci between the third and fourth SNP during SNP screening. Gabriel et al. (19) have suggested a survey approach for candidate genes with 1 SNP/5 kb. The lower the density of SNPs in this haplotype approach, the higher the possibility that we could miss linkage disequilibrium blocks.
In this study, the individual coding SNPs and haplotypes were not associated with breast cancer risk. This finding Imaging, Diagnosis, Prognosis supports recent studies that found no association between I655V status and breast cancer risk (12, 13, 15, 16 
, the most common haplotype in the HER-2 gene, HER-2 protein expression was lower and prognosis was better compared with patients who were either homozygous or heterozygous for this haplotype. The relationship between the I655V genotype and HER-2 amplification has been suggested in previous studies (29, 34) , which showed that I655V is associated with HER-2 amplification and/or protein overexpression in breast cancer, although the number of cases was small and the results were not significant. If our result is not an incidental finding, it suggests that polymorphisms other than I655V may be associated with HER-2 protein expression and breast cancer progression. Among the six common SNPs analyzed in this study, the coding SNP, P1170A, which was directly genotyped, and the two promoter region SNPs, rs2643194 and rs2934971, in the 5V-untranslated region of the HER-2 gene are possible candidates for a functional polymorphism that affects gene expression and/or cancer aggressiveness. Other promoter SNPs and coding region SNPs not detected in this study may also be associated with increased HER-2 expression and cancer progression. Because the mechanism of HER-2 gene amplification has not yet been identified, it is unknown how genetic polymorphisms may affect amplification of this gene. Further study is clearly warranted to elucidate the relationship between genetic polymorphisms and HER-2 gene amplification.
Although the finding of the difference in disease-free survival rate according to haplotype I is also interesting, the results should be cautiously interpreted. First of all, the follow-up durations for the majority of the cancer patients were too short. We excluded the patients with short follow-up time from the survival analysis to reduce the bias, and as a result only 36% of the cases were involved. Although we showed that the known prognostic variables are not different between these selected patients and all the other patients, we still cannot warrant the generalizability of our findings. Longer follow-up time is required to confirm the result on survival association.
In summary, we have identified one haplotype block in the HER-2 locus in an ethnically homogeneous Korean population. Our results suggest that the individual SNPs, including I655V, and the HER-2 haplotypes investigated in this study are not associated with an increased risk of breast cancer development in Korean women. However, one HER-2 haplotype was found to affect tumor protein expression and patient prognosis. Future studies should focus on the identification of possible functional genetic variations, possibly SNPs, in the HER-2 gene or its promoter region that are linked to this haplotype. 
